era is an essential gene in E. coli, encoding a GTP-binding protein of unknown function. In the present work, a mutant designated Era-dE, for deletion of effector region is described. This is the first and only known era allele that confers a dominant-negative phenotype. Phenotypic analysis of the mutant showed that overproduction of Era-dE caused a dominant inhibition of growth when TCA cycle intermediates such as succinate, pyruvate, malate, a-ketoglutarate, and fumarate were provided as the sole carbon source. Examination of the macromolecular composition of cells overexpressing the mutant showed protein, DNA, and ATP levels expected for cells growing at slow rates. The response of cells expressing Era-dE to different stress conditions was studied by examining the rates of synthesis of stress-inducible proteins. Interestingly, when subjected to succinate starvation, cells expressing Era-dE showed a defective carbon starvation response, whereas response to glucose starvation was similar to that seen in control cells. Taken together with previous results, these studies indicate that Era is perhaps involved in multiple cellular processes and Era-dE disrupts more than one of these functions. Furthermore, it appears that some possible functions of Era include regulation of the TCA cycle and response to carbon starvation.
Introduction
Era is a 34 kDa GTP-binding protein in Escherichia coli encoded by the era gene [l] . Era is essential for cell growth, but despite extensive efforts for
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Lrtterv 143 i I9961 [47] [48] [49] [50] [51] [52] [53] [54] [55] residue required for coordination of the Mg'-ion. Era contains two threonine residues in this region, at positions 42 and 43. Comparison of the amino acid sequence in this region of Era with other bacterial homologs [7] shows a high degree of homology, consistent with subfamily-specific conservation within the G2 or effector domain.
The approach used in this study was to disrupt interaction of Era with a cellular component(s). By analogy to Ras if the region of Era that corresponds to the effector region is deleted, it would be expected to disrupt Era function. Thus a mutant of Era that carries a 10 amino acid deletion within the putative effector region was constructed. This mutant designated dE for deletion of effector region, was found to inhibit growth of wild-type E. coli cells when overexpressed. Among the large number of era mutants isolated so far [8,9,7,10,11], this is the first and only known mutant of era that confers a dominant negative phenotype. A battery of biochemical and physiological studies were, therefore, performed to identify cellular processes within the cell that were disrupted upon overexpression of the mutant. Examination of the carbon source utilization profile of cells overexpressing Era-dE showed loss of ability to utilize TCA cycle intermediates.
ATP, protein, and DNA content in cells expressing the mutant when compared to values obtained for wild-type cells showed levels expected for cells growing at slow rates. Analysis of the patterns of protein synthesis in cells overexpressing the mutant under various conditions revealed a defective carbon starvation response when subjected to succinate starvation. The present data suggest multiple functions for Era in the cell, and at least some of these functions appear to be related to regulation of the TCA cycle and the carbon starvation response. Ability to complement growth of the ts strain at 42°C was used to test whether the mutant Era allele was functional.
Growth inhibition and viability tests
Cells harboring plasmids pJR302 or pJR302dE were grown to early exponential phase in M9 minimal medium supplemented with the appropriate carbon source and then induced with 1 mM isopropyl-P-n-thiogalactoside (IPTG) to induce expression of wild-type or mutant Era. Growth was monitored on a Klett-Summerson calorimeter. To test for viability, at each time point an aliquot of the culture was diluted appropriately, plated on both LB and M9 minimal medium supplemented with 1% glucose, and the number of viable colonies counted.
A TP measurement
Cells were grown to early exponential phase in M9 minimal medium containing 0.4% succinate and induced with 1 mM IPTG. Cells were harvested 3 h post-induction by centrifugation at 4°C and permeabilized by toluene treatment [14] . The ATP released from the permeabilized cells was measured using the Bioluminescent Assay Kit (Sigma Chemical Co.). Standard curves were prepared using ATP in the linear range. All samples were prepared in triplicate.
Materials and methods
2.4. DNA estimation
Bacterial strains and plusmids
Plasmid pJR302 contains the eru gene under the control of the strong lpp promoter and lac promoteroperator in the high copy expression vector, pINII1, such that it is expressed only in the presence of a lac inducer such as IPTG. E. coli strain SB221 [12] [lpp Cultures of SB221 cells transformed with either pJR302 or pJR302-dE, were grown to early exponential phase in M9 minimal medium containing 0.4% succinate and induced with 1 mM IPTG for 3 h. Aliquots (3 ml) of cultures were removed and samples for DNA analysis prepared as described [15] . Estimations were performed in triplicate.
Protein estimation
At different times after addition of IPTG, aliquots (1 ml) of cells were collected by centrifugation, washed and boiled in 0.1 vol. of 1 N NaOH. Extracts made in this manner were assayed for the amount of total protein by using the protein assay reagent from Biorad. Bovine serum albumin (BSA) was used as the standard. All estimations were performed in triplicate.
Pulse labeling of proteins and two-dimensional gel electrophoresis
Culture samples were removed at appropriate times and pulse-labeled with 50 @/ml of L-[35S]methionine translabel for 20 min. Labeling was stopped by addition of excess of unlabeled methionine (33 mM) and cells were harvested by centrifugation. Extracts were made from these cells by boiling in 0.3% SDS (w/v) and proteins separated by two-dimensional gel electrophoresis as described [16] . Equivalent amounts of radioactivity (approx. 2X lo6 cpm) were loaded onto each gel. Labeled proteins were visualized by autoradiography on XAR-5 film (Eastman Kodak Co.).
Carbon starvation protocol
Carbon starvation was attained by subculturing overnight cultures grown in M9 minimal medium supplemented with 0.4% glucose or succinate, into prewarmed M9 medium supplemented with 0.025% glucose or succinate. The onset of starvation was determined by the cessation of growth in control cultures (SB221 transformed with pJR302) as measured by a Klett-Summerson-calorimeter.
IPTG was added approx. 3 h before the onset of starvation in control-induced cultures.
Results and discussion

Era-dE has a dominant negative phenotype
The mutant, Era-dE, has a deletion of 10 amino acids (from position 40 to 49) within the putative effector region and at the junction of this deletion, Phenotypic analysis of the mutant Era-dE was carried out to understand the role of the proposed ef-fector region of Era. Wild-type E. coli cells (SB221) transformed with either pJR302 or pJR302dE, expressing wild-type and mutant forms of Era, respectively, were grown to early exponential phase in M9 minimal medium containing succinate as the sole carbon source and then induced with 1 mM IPTG to overexpress Era. As shown in Fig. lA , about 2 h after induction, cells overexpressing mutant Era-dE showed growth inhibition, while cells overexpressing wild-type Era did not show any change in growth characteristics.
This result suggests that a function of the wild-type Era essential for cell growth is inhibited by the overproduced Era-dE protein and lends support to the idea that the deleted region (residues 4049) is in fact the effector binding region of Era.
To address the question of whether cells overexpressing the mutant Era have become quiescent or have lost viability, appropriately diluted cultures grown in M9 medium supplemented with succinate were plated at different time points on both LB and M9 minimal medium supplemented with glucose. As shown in Fig. 2 overexpression of Era-dE protein not only caused an inhibition of cell growth but also showed a significant decrease in cell viability (Fig. 2) . About 7 h after induction of Era-dE, cell viability dropped to 10% of the control. Viability seen on LB and M9 minimal medium were comparable. The overexpression of wild-type Era did not show any difference in cell viability (data not shown). Expression of Era-dE was detectable as early as 90 min after addition of IPTG, although growth inhibition and loss of viability were seen only at 2-3 h (data not shown).
Two types of growth inhibition patterns by overexpression of Era-dE
To investigate further the basis for the dominant negative phenotype of the Era-dE mutant, the catabolic properties of cells overexpressing this mutant were examined using ES microtiter plates (Biolog, Inc.) which allow detection of the cell's ability to produce reducing agent from any of 95 different carbon sources. Interestingly, cells overexpressing EradE, appeared to lose the ability to utilize succinic acid, cL-ketoglutaric acid, malic acid, and citric acid (all intermediates of the TCA cycle) as the sole car- bon source. Closer examination of the carbon source utilization pattern of cells overexpressing Era-dE by monitoring growth in M9 minimal medium supplemented with various carbon sources such as glucose, succinate, pyruvate, a-ketoglutarate, malate, and fumarate showed two distinct types of inhibition patterns. When cells overexpressing Era-dE were grown in medium supplemented with glucose ( Fig. 1 B) there was some inhibition of growth seen, although the cells did not completely cease growth. When these cells were allowed to continue growing they eventually reached stationary phase at the same cell density as the wild-type cells. This growth pattern was found to be highly reproducible in several separate experiments. Cells grown in succinate on the other hand (Fig. lA) , appeared to cease growth almost completely. Similarly, cells overexpressing Era-dE when grown in minimal medium supplemented with various TCA cycle intermediates (viz. pyruvate, CXketoglutarate, malate, and fumarate) as the sole carbon source showed a growth inhibition pattern similar to that seen in succinate (data not shown). Thus, the type of growth inhibition seen appeared to depend on the nature of the carbon source in the medium. SB221 cells were co-transformed with plasmids pJR302-dE and pAC19-era [7] expressing Era-dE and wild-type Era, respectively, from the same promoter, such that the addition of IPTG simultaneously induces expression of both, presumably at the same level. These cells showed a growth inhibition pattern similar to that seen when only Era-dE was expressed (data not shown), suggesting that the growth inhibition effect of overproduction of Era-dE could not be overcome by overexpressing wild-type Era.
Measurement of cellular ATP levels and macromolecular composition of cells overexpressing Era-dE
It is known that growth inhibition due to carbohydrate metabolism or due to limiting nutrients causes alterations in cellular ATP levels [17, 18] . To determine if the inability to utilize TCA cycle intermediates affected the intracellular levels of ATP, measurements of ATP content were undertaken. Uninduced and induced SB221 cells carrying pJR302 and uninduced SB221 cells carrying pJR302-dE showed cellular ATP levels (Table 1) that were comparable to those previously reported [17] . Cells induced to overexpress Era-dE on the other hand showed approx. 3-times higher levels of ATP as compared to uninduced cells (Table 1) . This is conceivable because even if the TCA cycle is blocked, the cells can bypass this pathway and generate ATP via alternate pathways. Because the level of ATP in the cell is a net result of its synthesis and utilization, an alteration could reflect change in its production or utilization, or both. Since biosynthetic pathways Table 1 ATP measurements in cells overexpressing mutant Era-dE Sample ATP Qtmol/g protein) Era(SB22UpJR302) 1.2* 1.2 Era-induced (SB22UpJR302) 9.5 f 0.8 Era-dE (SB22l/pJR302-dE) 6.5 f 1.1 Era-dE-induced(SB221/pJR302-dE) 20.0 f 0.9 SB221 cells carrying plasmids pJR302 and pJR302-dE were grown to early exponential phase, split into two cultures and IPTG was added to one of them to a final concentration of 1 mM. 3 h after addition of IPTG, aliquots were taken for ATP, and protein measurement. Amount of ATP is expressed as pmol/g protein.
result in the utilization of ATP, and the macromolecular composition of a cell is known to be affected by growth rate and conditions [19, 20] , the amount of DNA and protein in the cells was determined.
The amount of DNA as a function of protein remained constant in induced and uninduced cultures of SB221 bearing pJR302 and pJR302-dE. This is in agreement with previous findings from studies by Dennis and Herman [21] which showed that the DNA to protein ratio remains almost constant despite changes in growth rate.
Protein estimation was carried out with aliquots taken at different time points from cultures of SB221 cells bearing pJR302-dE grown with and without addition of WIG. The protein/mass ratio of induced cells was found to increase with time, whereas the protein/mass ratio remained more or less constant in the control cells (data not shown). Consistent with this observation is the fact that the protein/mass ratio increases somewhat with decreasing growth rate [19] . This is possible because cells overexpressing the mutant protein could continue to synthesize some proteins, although at a much lower rate than control cells that are growing exponentially.
Two-dimensional gel analysis of proteins in cells overexpressing Era-dE
Patterns of protein synthesis in cells expressing Era-dE were examined by two-dimensional gel electrophoresis. As determined by visual comparison of the autoradiograms, at least 12 polypeptides (indicated by the arrowheads in Fig. 3) were induced and at least 6 (indicated by the arrows in Fig. 3) were repressed in cells overexpressing Era-dE (Fig.  3B) , as compared to control uninduced cells (Fig.  3A) . Of these, two induced proteins were identified as the heat shock proteins -DnaK and GroEL, by comparison with reference gels in the gene-protein database [16] . This is interesting since heat shock proteins are known to be induced in response to a variety of stresses such as treatment with ethanol and hydrogen peroxide [22] , carbon starvation [23, 24] , and osmotic challenge 1251. However, induction of heat shock proteins is also known to occur upon production of unfolded protein [26] . If Era-dE is an unfolded variant of Era, then overproduction of Protein spots that are induced in mutant cells are indicated by arrowheads and protein spots that are expressed at reduced levels are denoted by arrows. Heat shock proteins are identified as (1) DnaK and (2) GroEL this mutant could potentially lead to induction of heat shock proteins. To examine this possibility wild-type Era and mutant Era-dE tagged with six histidine residues at the amino terminus were expressed using a T7 expression system and purified on a nickel resin in native form. CD (circular dichroism) spectral analysis of Era-dE showed that the mutant protein was predominantly in a folded form (data not shown). It therefore seems likely that the induction of heat shock proteins upon overproduction of Era-dE is not due to the production of an unfolded polypeptide, but rather, to some other effect directly or indirectly related to the function of Era.
Prolonged induction of heat shock proteins under certain conditions has been correlated with a rapid inhibition of growth [27] . However, cells expressing EraS34P, a non-functional mutant, that is recessive to wild-type Era, also showed similar induction of heat-shock proteins (data not shown). This suggests that induction of the heat shock proteins alone is not sufficient to cause the dominant negative phenotype of Era-dE, at least under the conditions used in this study.
Patterns of protein synthesis under diSferent stress conditions
Bacterial cells are known to induce the expression of a large number of proteins (including the heat shock proteins) upon entry into stationary phase [28] . Stationary phase-inducible proteins include proteins from several different stress regulons and it seems likely that induction of the synthesis of these proteins is essential for the cells to retain viability under prolonged stress conditions, such as nutrient deprivation. Since growth inhibition in cells overexpressing Era-dE is accompanied by a loss of viability, the pattern of protein synthesis in these cells was compared with uninduced cultures of SB221 bearing pJR302-dE that have entered the stationary phase. Visual comparison of autoradiograms of two-dimensional gels showed at least 22 polypeptides that were induced in stationary phase SB221 cells as compared to exponentially growing cultures (data not shown). Of these, only eight proteins (including the heat shock proteins DnaK and GroEL) were found to be induced in cells overexpressing Era-dE (data not shown).
To determine if the inability to turn on one or more stress regulons in cells overexpressing Era-dE could perhaps explain the observed loss of viability, the response of these cells to various stress conditions was examined. Patterns of protein synthesis in uninduced and induced SB221 cells bearing pJR302-dE, subjected to heat shock, cold shock or amino acid starvation did not show any significant difference in their response (data not shown).
On the other hand, response to carbon starvation showed a dependence on the nature of the carbon source used. When subjected to glucose starvation uninduced and induced cultures of SB221 bearing pJR302-dE showed a similar response (Fig. 4A-C) . When subjected to succinate starvation, however, cells overexpressing Era-dE showed a significantly impaired response in that several carbon starvation-inducible proteins failed to be induced (Fig.  4D) . Control, uninduced cells, showed a similar carbon starvation response regardless of whether they were starved for glucose or succinate (data not shown).
Since the starvation-inducible proteins are believed to be important for maintaining the viability of the cell, it appears likely that cells overexpressing Era-dE which lose the ability to utilize succinate and behave as if they are subject to carbon starvation, lose via-bility due to their inability to induce synthesis of appropriate carbon starvation-inducible proteins. Previous studies [29, 13] have implicated Era in a wide variety of cellular processes including regulation of the TCA cycle, the heat shock response, the stringent response, and cell division. The Ras protein has been shown to interact with several different effectors such as GAP, Raf, and phosphatidylinositol-3-OH kinase [30, 31] . From all of the results mentioned above, it appears highly likely that Era, by analogy to Ras, could perhaps be involved in interaction with more than one downstream effector or target and therefore could perform multiple cellular functions. This could explain why we have not been able to isolate any second site suppressor mutation for era-(unpublished observations). Recent work by Powell et al. [32] showed that disruption of pt.sN could suppress the conditional lethal erats allele. Their results also suggest that at least one of the functions of Era is related to the TCA cycle as we have shown earlier [13] and as seen here with EradE.
Biochemical analysis of purified Era-dE [lo] showed that Era-dE did not show any detectable binding to guanine nucleotides in a UV-crosslinking experiment, but retains about 55% of the GTPase activity as compared to the wild-type protein. Despite loss of detectable GTP-binding ability, Era-dE appears to titrate efficiently out one or more components with which Era normally interacts. Given the high degree of expression of Era-dE that is required for growth inhibition it is possible that the mutant competes only moderately with the wild-type product. However, inability of cells expressing both wildtype Era and Era-dE to high levels to overcome the growth inhibition effect argues against this possibility. It seems more likely that even if Era-dE interacts with a cellular component(s) with a low affinity, once it binds it forms a non-functional complex such that the component is no longer available for interaction with wild-type Era. Era-dE appears to be a promising tool for the identification of effecters that would perhaps bind irreversibly to Era-dE. Future work to clarify the role of Era in the cell would involve using Era-dE to identify effecters that normally interact only transiently with Era. Identification of such factors would provide direct evidence for the involvement of Era in specific cellular processes. 
